The alarming atmospheric concentration and continuous emissions of carbon dioxide (CO2) require immediate action. As a result of advances in CO2 capture and sequestration technologies (generally involving point sources such as energy generation plants), large amounts of pure CO2 will soon be available. In addition to geological storage and other applications of the 15 captured CO2, the development of technologies able to convert this carbon feedstock into commodity chemicals may pave the way towards a more sustainable economy. Here, we present a novel multifunctional catalyst consisting of Fe2O3 encapsulated in K2CO3 that can capture and simultaneously transform CO2 into olefins. In contrast to traditional systems in Fischer-Tropsch reactions, we demonstrate that when dealing with CO2 activation (in contrast to CO), very high K 20 loadings are key to capturing the CO2 via the well-known 'potassium carbonate mechanism'. The proposed catalytic process is demonstrated to be as productive as existing commercial processes based on synthesis gas while relying on economically and environmentally advantageous CO2 feedstock.
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Abstract:
The alarming atmospheric concentration and continuous emissions of carbon dioxide (CO2) require immediate action. As a result of advances in CO2 capture and sequestration technologies (generally involving point sources such as energy generation plants), large amounts of pure CO2 will soon be available. In addition to geological storage and other applications of the 15 captured CO2, the development of technologies able to convert this carbon feedstock into commodity chemicals may pave the way towards a more sustainable economy. Here, we present a novel multifunctional catalyst consisting of Fe2O3 encapsulated in K2CO3 that can capture and simultaneously transform CO2 into olefins. In contrast to traditional systems in Fischer-Tropsch reactions, we demonstrate that when dealing with CO2 activation (in contrast to CO), very high K 20 loadings are key to capturing the CO2 via the well-known 'potassium carbonate mechanism'. The proposed catalytic process is demonstrated to be as productive as existing commercial processes based on synthesis gas while relying on economically and environmentally advantageous CO2 feedstock. 25 Main Text: Carbon dioxide capture and utilization is the only viable short-to medium-term option for moving towards a more sustainable society. Despite the rapid increase in the implementation of nonemitting energy generation technologies, 35 Gtons of CO2 are emitted into the atmosphere every year (1, 2). Therefore, methods to convert this greenhouse gas into valuable commodities are urgently needed (3) . Given that our society is greatly dependent on carbon materials that are 30 traditionally manufactured from oil (e.g., polymers), the development of techniques for directly transforming CO2 into such chemicals, making use of renewable energy, could substantially impact our society (4, 5) . Among all possible chemicals, olefins are especially attractive owing to their large demand (6) .
The transformation of CO2 into olefins generally proceeds through a modified Tropsch (FTS) process using synthesis gas over an iron catalyst (7) (8) (9) . Here, CO2 is first transformed into CO via a reverse water-gas shift (RWGS) reaction and further converted to olefins via a conventional FTS process. Generally, both classic FTS and CO2 hydrogenation catalysts need to be doped with potassium (10, 11) . The addition of small amounts of K (circa 0.5 to 1 wt. %) generates an appropriate balance between the different Fe active phases and enhances the selectivity of the reaction for low-molecular-weight olefins (12). However, high K loadings usually lead to catalyst sintering and deactivation (11).
Notably, K is also well known for CO2 capture purposes via the 'potassium carbonate mechanism', which has already been applied for CO2 removal in more than 700 plants worldwide (13, 14) . In this system, the carbonate captures CO2 and water, yielding potassium bicarbonate, 5 KHCO3 (equation S1). Furthermore, early reports (15) discussed RWGS reactions catalyzed by potassium carbonate in a H2-rich atmosphere via a formate intermediate (equations S2 to S4). With this information in hand, we speculated that, with the proper catalyst, both reactions could be combined into a single catalytic cycle that also involves the capture of CO2 and release of CO under FTS conditions (Figure 1.A) . To explore the feasibility of this mechanism under 10 hydrogenative conditions, we computed the thermodynamics of these reactions using density functional theory (DFT) (see supplementary text and Figures S1 to S3 ). In the range of 0-300 °C, all three phases have similar stabilities (within 0.2 eV, Figure 1 .B). Moreover, the computed Gibbs free energies for the different reactions suggest that interconversion between KHCO3 and KOOCH during catalysis is possible at all the considered temperatures ( Figure S2 ). kT of the most stable phase). A continuous line is used to denote the thermodynamically most stable phase, and dashed lines are used to denote less stable phases.
Therefore, we prepared a catalyst with a high K concentration by grinding commercial iron oxide and potassium superoxide together in a mortar; a molar Fe/K ratio of 2 was maintained. Despite its simplicity, pronounced changes take place in the catalyst during synthesis and reaction, 25 leading to a particular structure that results in high selectivity for olefins. Figure 2 .a shows the Xray diffraction (XRD) patterns of the starting g-Fe2O3 precursor, the fresh catalyst and used catalysts after 50 h on the stream. The basic structure of g-Fe2O3 is closely related to the inverse spinel Fe3O4, but it differs by the presence of disordered iron vacancies. When the vacancies become ordered, the symmetry decreases from cubic to tetragonal, and consequently, additional 30 weak superstructure reflections appear (16) . This is the case for the commercial maghemite used in this study as superlattice reflections of a primitive tetragonal unit cell (a = 8.344 Å, c = 25.033 Å) are observed at 2q =11.17° and 12.74°, which correspond to Miller indices of (1 0 1) and (1 0 2), respectively. Because potassium superoxide is air sensitive, the catalyst was initially prepared in a glove box. Once exposed to the air, the sample was indeed found to be extremely reactive to carbon dioxide and water over time, as indicated by powder XRD ( Figure S4 ). To allow better control over the catalyst mass before the catalytic experiments, maghemite and potassium 5 superoxide were mechanically mixed in the air and then dried at 100 °C. This process slowed the uptake of water and the resulting fresh catalyst was a mixture of maghemite and potassium carbonate (i.e., Fe2O3@K2CO3, Figure 2 .A and Figure S5 ). The instability of the potassium superoxide under ambient conditions may be the driving force behind the redistribution of potassium around g-Fe2O3 nanoparticles, as shown by elemental mappings performed by scanning 10 transmission electron microscopy (STEM) coupled with energy dispersive X-ray (EDX) spectrometry ( Figure S6 ). Once submitted to the reaction conditions (30 bar, CO2:H2 = 1:3, 350 °C), no evidence of the crystalline potassium carbonate is observed by powder XRD, and the Fe2O3 precursor is partially transformed into Fe2C5, the carbide-selective phase in FTS (17). High-angle annular dark-field (HAADF) STEM imaging coupled to X-ray fluorescence spectroscopy was used to further investigate the morphological properties of the Fe2O3@K2CO3 20 catalyst after the reaction. The low magnification micrograph and the elemental mapping presented in Figure 2 .B are representative of the whole sample. There are two main components in the spent catalyst: i) iron-based nanoparticles (200-350 nm) surrounded by a thick layer of carbonaceous potassium and ii) iron atoms redistributed on the surface of the carbonaceous potassium. The latter is better observed with elemental mapping at higher magnification (Figure 2.C) . The activation under a H2 atmosphere and the evolution of the iron phases during the CO2 hydrogenation reaction (30 bar, CO2:H2 = 1:3, 350 °C) were monitored by High energy resolution 10 fluorescence detected X-ray absorption near edge structure (HERFD-XANES) at the Fe K-edge (Figure 3.A) . The spectra were acquired ex situ with samples retrieved inside a glove box and loaded into an X-ray absorption spectroscopy (XAS) cell dedicated to air-sensitive solids. The spectrum of the fresh catalyst was almost identical to that of the g-Fe2O3 reference. Upon hydrogenation at 3 bar at a temperature of 350 °C, the pre-edge peak (1s→3d-4p transitions) was attempted with several iron references ( Figure S7 ), and the best match was obtained with a mixture of c-Fe5C2 and metallic Fe (17) . After 50 h of reaction, the white line and the pre-edge intensity both increase, suggesting a reoxidation of the iron under the reaction conditions, in agreement with previous reports (18) . The composition of the spent catalyst was further refined by powder X-ray diffraction, and it was determined to be a mixture of c-Fe5C2 and Fe2O3 ( Figure S5 ), 5 consistent with the XANES results.
CO2 temperature-programmed oxidation (TPO) of the iron oxide precursor and Fe2O3@K2CO3 catalyst reveals a 100 °C shift to lower temperatures when the carbonate is involved (Figure 3.B) . After incorporation of the carbonate, the CO2 peak is precisely centered in the hydrogenation temperature range (350 to 400 °C). Furthermore, the CO2 uptake is increased by 10 86.5% upon K promotion, affording a final uptake of 2.13 mmol of CO2 per gram of K2CO3, which is close to the theoretical maximum of potassium carbonate (14) . Analysis of the surface by airprotected X-ray photoelectron spectroscopy (XPS) of the fresh and spent catalysts at the K2p level revealed a shift to higher binding energies (Figure 3.C) . This shift can be attributed to the transformation of the K2CO3 phase (19) and suggests that the proposed CO2 capture mechanism is 15 occurring during the reaction. To confirm this hypothesis, the C1s and K2p spectra of all possible K precursors (K2CO3, KHCO3 and KOOCH) were measured and individually compared with the spectra of the fresh and spent catalyst (see Figure S8 and S9). The presence of K2CO3 in the fresh catalyst was confirmed, and the spectrum of the spent catalyst showed the presence of KOOCH. The formation of carbon-iron bonds in the spent catalyst is confirmed by the XPS data via the 20 appearance of a new peak at 283.4 eV, which can be attributed to iron carbide species (20) . Analysis of the O1s signals revealed a decrease in the O atoms bound as metal oxides (21) ( Figure  S10 ), which is consistent with the transformation of Fe2O3 to Fe2C5 indicated by XRD and XANES. To clarify the transformations of potassium during the reaction, the spent Fe2O3@K2CO3 was analyzed by high-field 39 K solid-state nuclear magnetic resonance (ssNMR) spectroscopy, and 25 the spectrum was compared with those of K2CO3, KHCO3, KOOCH and the hydrated KO2 precursor (Figure 3.D) . Among these species, the spectra of Fe2O3@K2CO3 and KOOCH show identical sharp peaks at 4.5 ppm, similar to that of hydrated KO2. These results suggest the K + ions have very high mobility in the solid state, presumably in their formate form. In addition, the secondary peak of Fe2O3@K2CO3 at approximately -2.6 ppm is similar to those of both KHCO3 30 and K2CO3, which indicates that a portion of the potassium is converted to the corresponding carbonated salt under the reaction conditions. Altogether, these results confirm that the reaction pathway shown in Figure 1 .A indeed takes place under these hydrogenation conditions.
The performances of the Fe2O3@K2CO3 catalysts in the hydrogenation of CO2 after 50 h on stream at different reaction temperatures are shown in Figure 4 .A. Raising the temperature by 35 50 ºC increases the conversion from 39.7% to 48.3% and leads to the formation of greater amounts of methane. The optimum performance can be achieved at 350 °C. At this temperature, the reaction shows a CO2 conversion of 44.2% with a total olefin selectivity of 62.6%, a CH4 selectivity of 13.3% and a CO selectivity of only 12.7%. This catalytic performance is stable for at least 150 h on stream (Figure 4.B) . The details of the hydrocarbon distribution are reported in Figure 4 .C. The 40 low-molecular-weight olefins accounts for 53.3% of the total olefins with a total olefin/paraffin ratio of 7.5. The value of α, derived from the Anderson-Schulz-Flory (ASF) plot, is 0.41, which is in the optimum range for olefin production (7). (Table 1 ). In addition, the production of low-molecular-weight olefins, expressed as space-time yield (STY) 10 reported here, is twice that achieved by FTS catalysts. This outstanding performance can be attributed to the optimal composition of the Fe2O3@K2CO3 material, which enables the simultaneous capture and conversion of CO2 ( Figure S11 ). The high potassium loading in the Fe2O3@K2CO3 catalyst allows CO2 capture (11) and release of CO, while the optimal ratio of the iron oxide and iron carbide phases accounts for the high olefin/paraffin ratio via a conventional 15 FTS process (10, 15) . To further elucidate this reaction pathway, CO2 hydrogenation tests were carried out with stand-alone potassium carbonates and formate precursors. All the potassium precursors were able to convert CO2 and release CO with selectivities close to 100% with no sign of deactivation after 150 h ( Figure S12 ). In conclusion, we have developed a novel catalyst that dramatically surpasses traditional CO2 conversion technologies by simultaneously capturing and converting CO2 into valuable 10 chemicals. The Fe2O3@K2CO3 material presented here can produce olefins from CO2 with high selectivity and productivity, rivaling existing commercial Fisher-Tropsch catalysts. In contrast to traditional iron-based systems, we demonstrate that very high K loadings are key to capturing CO2 via the well-known 'potassium carbonate mechanism' and converting it to CO via potassium bicarbonate/formate interconversion. Given their high activity, stability, productivity and their low 15 price, if combined with green H2 sources, these catalysts may facilitate the mass adoption of nonfossil fuel-based technologies for the production of hydrocarbons in the near future.
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